Conduction measurements with simultaneous observations by transmission electron microscopy (TEM) were performed on a thin NiO film, which is a candidate material for resistance random access memories (ReRAMs). To conduct nanoscale experiments, a piezo-controlled TEM holder was used, where a fixed NiO sample and a movable Pt-Ir counter electrode were placed. After the counter electrode was moved to make contact with NiO, I-V measurements were carried out from any selected nanoregions. By applying a voltage of 2 V, the insulating NiO film was converted to a low resistance film. This phenomenon may be the "forming process" required to initialize ReRAMs. The corresponding TEM image indicated a structural change in the NiO layer generating a conductive bridge with a width of 30-40 nm. This finding supports the "breakdown" type forming in the so-called "filament model" of operation by ReRAMs. The inhomogeneity of resistance in the NiO film was also investigated.
I. INTRODUCTION
Resistance random access memories (ReRAMs) have actively been investigated in the research field of nonvolatile memories as a candidate for universal memory, because they have the potential of yielding high functionality with a large change in resistance along with high-speed access and nonvolatility.
1- 5 The resistance of ReRAMs having a metal/ insulator/metal capacitor structure is changed by simply applying voltage (e.g., 1-5 V). Of the insulators that have been reported thus far, binary oxides such as NiO, TiO 2 , and CuO (Refs. [4] [5] [6] [7] [8] [9] have attracted the most attention because their change in resistance is independent of voltage polarity (unipolar ReRAMs). The most influential mechanism explaining this switching phenomenon may be the "filament model." Based on this model, a metallike filament is formed at the first application of voltage (V f ) within the insulator and connects the metal electrodes. [4] [5] [6] 9 This process, referred to as "forming" is needed to initialize the ReRAMs. The resistance changes to a low resistance state (LRS) with this forming process. With the second application of voltage V r (<V f ), the resistance is typically increased much more than ten-fold [high resistance state (HRS)] due to the filament rupturing by oxidation (the "reset" process). Within the third application V s (V r <V s <V f ), the resistance returns to LRS by reduction (a "set" process). After this, the resistance reversibly switches between HRS and LRS by alternating reset and set processes. Although the details of this mechanism have not yet been experimentally confirmed and the switching mechanism is still not understood, the initial forming process certainly plays a key role in qualifying the properties of ReRAMs.
In order to understand the forming process, it may be useful for us to observe the filament formation. Some studies reported observations of filaments before and after the application of voltage by means of scanning electron microscopy (SEM). 9 Though a single bridge-like path was confirmed, it is necessary to research inside the bridge for observing realtime filament formation. In situ transmission electron microscopy (TEM) simultaneously performed with physical (e.g., electrical) measurements [10] [11] [12] has attracted a great amount of attention to satisfy this demand. The number of such studies using piezo TEM holders has been increasing in the past few years. For example, the appearance and disappearance of a superstructure in PCMO by application of voltage, 13 obtaining I-V hysteresis of Pr 0.7 Ca 0.3 MnO 3 (PCMO) in TEM, 14 and the observation of a filament-like structure change in TiO 2 . 15 In this work the above mentioned in situ TEM using a piezo-controlled specimen holder was applied to NiO to study the mechanism responsible for the change in resistance, especially that of the forming process. The appearance of a conducting bridge (or filament) was identified in a nanoscale local region of the NiO film.
II. EXPERIMENTAL
A schematic of the experimental system is shown in Fig.  1(a) . The system is composed of a custom-made TEM holder, a control system for the piezo actuator, a current measurement unit, and a CCD camera system. 12, 16 The TEM instrument was a JEM 2010 microscope (200 kV, Cs ¼ 0. ). The amplifier can be switched off to measure currents larger than microamps. The third function is measuring load using a semiconductor sensor on the order of less than micronewtons. While this function was not frequently used in this work, mechanical contact between two electrodes could easily be detected.
It has been reported that a NiO layer sandwiched between two Pt electrodes has superior ReRAM properties. 7 Therefore, commercially available Pt-Ir tips for scanning tunneling microscopy (STM) were used as electrodes in this work. One of the electrode tips was covered with a NiO layer and was used as the specimen we investigated. The conduction properties were measured between the Pt-Ir counter electrode and NiO/Pt-Ir. The TEM images were recorded using a CCD video camera.
To obtain I-V data from the nanoregions, very sharp counter electrodes should be used, whose apex is several tens of nanometers or less. For this purpose, Pt-Ir STM tips were further sharpened using ion milling as well as the ion shadow method. 17 There is a TEM image of a Pt-Ir counter electrode in Fig. 2(a) . The apex of the tip-shaped Pt-Ir electrode was about 10 nm or less. The Pt-Ir sample electrode covered with NiO should be wide and thin to enable multiple investigations in one batch. For this purpose, the Pt-Ir tip was mechanically ground into the shape of a wedge. After that, it was polished by conventional ion milling. An example of this is shown in Figs. 2(b) and 2(c). The electrode was about 50 lm wide and thin enough for TEM observations. The Ni was deposited by RF sputtering of a Ni metal target The substrate was thin enough to observe TEM lattice fringes. 2011) onto this wedge-shaped electrode. The gas flow during sputtering was Ar 20 SCCM and the vacuum was 1.0 Pa. The deposition was performed at room temperature. Then, the PtIr tip covered with Ni was annealed in air (environmental humidity of about 30%) at 200 or 300 C. The annealing time was three minutes.
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III. RESULTS AND DISCUSSION
Prior to the electrical measurements, the quality of the NiO layer at the top of the wedge-shaped Pt-Ir electrode was checked through conventional TEM observations. The TEM image is shown in Fig. 3 . The NiO layer was well crystallized under the preparation conditions described above. A layer having a thickness of about 40-50 nm on the polycrystalline Pt-Ir electrode was composed of polycrystalline NiO grains with an average size of about 30-50 nm. The grain size was inhomogeneous depending on the surface roughness of the Pt-Ir tip. The size of the apex of the Pt-Ir counter electrode was comparable to or less than this grain size, and thus the I-V characteristics could be obtained from individual grains.
A TEM image taken just after the approach of the electrode is shown in Fig. 4(a) . The dark upper right region corresponds to the Pt-Ir electrode on which the NiO layer (bright contrast) was deposited. The black region at the bottom left was the Pt-Ir counter electrode. As can be seen from this figure, a sharp Pt-Ir electrode was moved along the direction of the thick arrow to make an electrical connection with the NiO layer. The contact area was about 1200 nm 2 or less, assuming a circular shape. We began to measure the conducting properties of Pt-Ir/NiO/Pt-Ir through this point. The voltage sweep sequence was typically from 0 to þ3 V and back to 0 V again. The measurement was done within 18 s in which the drift of the electrode could be neglected. In general, the current is abruptly increased by the forming process and the film is possibly permanently destroyed. To prevent this destruction, a resistor (resistance R ¼ 10 kX) was inserted in series in the circuit.
The TEM images taken in this process are shown in Fig. 4 and the corresponding I-V curve is shown in Fig. 5 . Fig. 5 ). When the voltage was decreased from 1.7 to 0 V (sequence 3 in Fig. 5 ), the I-V curve was almost that of R ¼ 10 kX, i.e., the resistance inserted in series. The NiO resistance had been changed to LRS (R << 10 kX). When the measurement ended the Pt-Ir electrode was detached from NiO/Pt-Ir and again approached the same position I, as shown in Fig. 6(a) . The resistance was still in LRS [ Fig. 6(c) ]. We call this area a bridge. The width of the bridge was 45 nm as seen in Fig. 4(b) . However, when we approached the adjacent nanoregion II in Fig. 6(b) , it remained insulating [ Fig. 6(d) ]. The I-V curve in Fig. 5 is quite similar to that of the data during the forming process for Pt/NiO/Pt devices measured in air, 7 while the switching voltage and current are slightly different. Therefore, the bridge observed in this work is thought to be a conductive filament used in the operation of ReRAMs. However, alternative reset-set switching was not achieved by sweeping the voltage in this work. The region surrounding the bridge is strongly deformed in Fig. 4(b) probably due to joule heating during the forming process. 18 The oxygen in NiO might continually disperse into the vacuum as has been suggested by earlier work. 9, 19 Based on this assumption, the filament is hardly ruptured by oxidation in TEM. This may be why the filament could not be reset in the present work. The results presented here support the model where breakdown contributes to the appearance of a conductive filament during the forming process. [20] [21] [22] Conductive filaments would be generated selectively at weak points against the electric field during the forming process. Therefore, investigations into electric inhomogeneity are important to enable reliable ReRAM devices to be fabricated.
The local conduction properties of NiO films were studied, as seen in Fig. 7 . The sample was oxidized at low temperature (200 C) to clearly detect weak points. Figure 7 (a) is a TEM image of NiO film containing a grain boundary (see the dashed line). The Pt-Ir electrode made contact at the grain boundary. The corresponding I-V characteristics in Fig, 7 (b) were almost those of the resistor inserted in series into the measurement system. The resistance of the film at the grain boundary was low (<<10 kX) and did not change even with higher voltages up to 2.5 V. The Pt-Ir electrode in Fig. 7 (c) made contact at the middle of the grain, while avoiding the grain boundaries. The resistance was high enough (about 2.0 MX), and the forming process was accomplished by applying a higher voltage (1.0 V). Although all measurements were not performed under the same condition because of the accidental difference in contact area, a percentage of successful forming was estimated to be about 20% in NiO oxidized at 200 C. The forming voltage was between 1.0 and 2.5 V. The degree of oxidation must increase by increasing the oxidation temperature and NiO, both at the grain boundary and in the grain, must be well insulating. Even in such cases the grain boundary is the weakest point, and thus the conduction filament is thought to be formed selectively here. Further studies are needed to clarify the origin of the weaknesses in the formation of filaments in NiO ReRAMs.
IV. CONCLUSION
The process of forming ReRAMs [Pt-Ir/NiO(50-nmthick)/Pt-Ir test devices] was investigated by means of in situ TEM using a piezo-controlled specimen holder with simultaneous I-V measurements. Starting from the initial state, the resistance abruptly decreased at about 2 V. At the same time, a bridge with a width of 40-50 nm was formed. This bridge was very conductive while the surrounding region demonstrated insulating properties. The resistivity of the region at the grain boundary was relatively low and the bridge may have appeared selectively in the grain boundary region. Alternative reset and set phenomena have not presently been attained with the TEM apparatus. For a more detailed discussion on the mechanism responsible for the operation of ReRAMs, we need to confirm reversible switching during TEM observation and find the composition of the bridge. 
